a Treatment of anhydrous FeX 2 (X = Cl, Br, I) with one equivalent of bis(diphenylphosphino)ethane (dppe) in refluxing THF afforded analytically pure white (X = Cl), light green (X = Br), and yellow (X = I) [FeX 2 (dppe)] n (X = Cl, I; Br, II; I, III). Complexes I-III are excellent synthons from which to prepare a range of cyclopentadienyl derivatives. Specifically, treatment of I-III with alkali metal salts of C 5 H 5 (Cp, series 1), C 5 Me 5 (Cp*, series 2), C 5 H 4 SiMe 3 (Cp', series 3), C 5 H 3 (SiMe 3 ) 2 (Cp'', series 4), and C 5 H 3 (Bu . This report provides a systematic account of reliable methods of preparing these complexes which may find utility in molecular wire and metal-metal bond chemistries. The complexes reported herein have been characterised by X-ray diffraction, NMR, IR, UV/Vis, and Mössbauer spectroscopies, cyclic voltammetry, density functional theory calculations, and elemental analyses, which have enabled us to elucidate the electronic structure of the complexes and probe the variation of iron redox properties as a function of varying the cyclopentadienyl or halide ligand.
. 1 The Fp − anion has been used extensively in nucleophilic displacement reactions and in the preparation of metal-metal bonds. 2 Regarding the latter point, although the nucleophilicity of the Fp anion should favour M-Fe bond formation, there is a significant possibility of iso-carbonyl bond formation with early, electropositive and oxophilic metals, 3 an area which we have been investigating in recent years. 4 One approach to avoid iso-carbonyl bridges is to employ cyclopentadienyl iron fragments that are supported by two monodentate or one bidentate phosphine ligand [s] . This approach has enabled the isolation of a range of novel linkages and has also been implemented in rare earth-ruthenium chemistry. 5 Recently, we reported four uranium-ruthenium bonds using the ruthenium analogue of Fp. 6 As part of that study we found that the corresponding uranium-iron (Fp) linkages could not be isolated. We reasoned that substitution of the carbonyl groups with phosphines might increase the steric protection and thus stability of uranium-iron linkages which would necessitate the preparation of the corresponding iron precursors. Since substitution of the carbonyl groups in situ is not feasible, it would be necessary to start with a cyclopentadienyl-phosphine ligand set before constructing the uraniumiron bond. Two methods of preparing uranium-iron bonds could be envisaged, either reductive cleavage of a Fe-Fe species, as has been accomplished with cobalt, 10 or protonolysis of a uranium alkyl or amide with an iron hydride. 4 One approach to iron cyclopentadienyl ligand derivatives would be to prepare the relevant iron cyclopentadienyl dicarbonyl halide or hydride then substitute the carbonyl with phosphines, but it is known that this approach can be complicated by the formation of mono-substituted complexes, 7 or the formation of chelated derivatives with the retention of one CO ligand and expulsion of the halide ligand from the primary coordination sphere of iron. 8 We therefore decided to prepare phosphine chelated iron(II) halides, introduce the cyclopentadienyl ligand, then either reduce or substitute the halide with hydride. This methodology has been shown to work in a few cases, 7 but the data in the literature are fragmented and sometimes incomplete. In particular, solid state structures are often missing but would provide valuable benchmarking for previously reported spectroscopic and computational studies. Given the importance of cyclopentadienyl iron bis(diphenylphosphino)ethane (dppe) fragments in assembling molecular wires 9 as well as representing synthons to iron-metal bonds it would be desirable to draw together a cohesive and comprehensive description of a reliable general methodology for the preparation of a range of well characterised and understood functionalised iron cyclopentadienyl dppe derivatives where the steric and electronic properties can be systematically varied.
Here, we report the synthesis of three iron(II) halide dppe complexes, and their utility in preparing a range of cyclopentadienyl derivatives. We describe attempts to reduce these cyclopentadienyl dppe halide complexes to the corresponding diiron derivatives, and also the synthesis of hydride congeners. In all, we describe the synthesis of twenty five iron cyclopentadienyl dppe complexes as either halide, separated ion pair, or hydride derivatives which has enabled us, through a structural and spectroscopic benchmarking study, to provide reliable synthetic methods and a detailed understanding of the electronic structure of these compounds. This report thus constitutes a cohesive account of compounds which could find extensive utility in molecular wire and metal-metal bond chemistries.
Results and discussion

Synthesis of iron(II) halide dppe adducts
We began by preparing dppe adducts of iron(II) halides from the reaction between anhydrous FeX 2 (X = Cl, Br, I) and one equivalent of dppe in refluxing THF, Scheme 1. Following filtration, removal of solvent, washing with toluene, and drying, analytically pure white (X = Cl), light green (X = Br), and yellow (X = I) solids were obtained in ∼95% yield in each case. It is notable that although these simple coordination complexes [FeX 2 (dppe)] n (X = Cl, I; Br, II; I, III) are often mentioned in the literature, 7 detailed descriptions of their synthesis and characterisation are scant and the structure of II is unknown. In all three cases we were able to determine the solid state structures by X-ray crystallography (Fig. 1) . The solid state structures of I and III were determined from crystals grown from THF, for I, an infinite polymer is observed in the solid state with tetrahedral iron centres and bridging dppe ligands whereas in III a dimer is formed containing two tetrahedral iron centres which are each bridged by two dppe ligands. In contrast, the bromide compound II could be isolated as the polymeric (II) or dimeric (IIa) forms from THF/hexane or toluene solutions, respectively. Langer and co-workers have recently independently found that I co-crystallises with [FeCl 2 (dppe) 2 ] from a chloroform/acetone mixture in a polymeric chain similar to our findings, and also solely if the reaction is completed in the correct stoichiometry, with similar bond lengths and angles to those found in I. 7 Pohl et al. elucidated the solid state structure of [Fe 2 I 2 (dppe) 4 ] from toluene solution and also found it to be dimeric in nature, with similar bond lengths and angles to those found in III which crystallised from THF solvent, 7 suggesting that the isolation of polymeric or dimeric forms of I-III is due to the halide and not solvent effects.
Synthesis and characterisation of halide and separated ion pair complexes
With the synthesis of I-III in-hand we first targeted cyclopentadienyl derivatives using C 5 )(I)-(dppe)] (5I), in crystalline yields of ca. 50-70%. We note that apart from some minor decomposition, the bulk products are fairly pure (ca. 90%) and that the crystalline yields principally reflect the solubility of the cyclopentadienyl derivatives. During this work we noted that the temperature of the initial salt elimination reaction is important since the formation of ferrocenes and free dppe from ligand scrambling is a competing side reaction which becomes a major by-product at room temperature. However, ferrocenes formation is suppressed and indeed essentially eliminated if reactions are initially conducted at −78°C. Compound 1I can also be prepared from [Fe-(CO) 2 (Cp)] 2 with treatment with iodine followed by addition of dppe in refluxing toluene, however in lower yields of 48% compared to the above method in which yields of 1I reach 67%. 11 Halide exchange in iron cyclopentadienyl phosphine derivatives has previously been effected by mixing complexes such as [I] (5SIP) as red powders following work-up (Scheme 2). Recrystallisation of these powders from acetonitrile afforded 1SIP-5SIP in crystalline yields of typically 65-75%, although 3SIP is a notable outlier (36% crystalline yield). Since SIPs form readily we did not investigate this avenue further with the bromides, but it is germane to note that complexes 1SIP-5SIP represent valuable precursors to a range of separated ion pair species such as known PF 6 -derivatives.
We investigated the reduction of 1Cl-5Cl, 1Br-5Br, and 1I-5I with a variety of reductants (Li-Cs, KC 8 , Na/Hg), but in all cases either no reaction occurred, or on extended stirring decomposition was observed. This might be attributed to the iron centres being electron rich, and more so than in Fp because of less effective back-bonding to dppe compared to two CO ligands. This would also be consistent with the relative ease of oxidising these complexes (see below). We therefore focussed on preparing the hydrides.
Synthesis of hydride complexes
With the aforementioned halide complexes in hand we examined their conversion to the corresponding hydrides. Accordingly, treatment of the chloride series 1Cl-5Cl with 5 equivalents of lithium aluminium hydride in THF afforded, after removal of solvent, extraction into hexane, filtration and removal of solvent, the hydride complexes [Fe(Cp)(H)(dppe)] (1H), [Fe(Cp*)(H)(dppe)] (2H), [Fe(Cp′)(H)(dppe)] (3H), [Fe(Cp″)-(H)(dppe)] (4H), and [Fe(Cp tt )(H)(dppe)] (5H) as orange solids that are approximately 90% pure, Scheme 2. Recrystallisation of 1H-5H from hexane afforded orange crystalline materials in yields typically ranging from 41 to 73%, but, as was the case for the SIP complex 3SIP, the crystalline yield of the Cp′ and Cp″ derivatives 3H and 4H are notably low (35 and 41%, respectively) . It should be noted that 3H and 4H are far less stable than the other three hydride derivatives and decompose in solution over a few hours, which is, in part, reflected in their crystalline yields. Complexes 1H and 2H have been previously reported, however, in the preparation of 1H an excess of NaBH 4 was reacted with the chloroform adduct of 1Cl giving only a 50% yield 13 and 2H was reported to have been synthesised by the same method outlined above or alternatively by reacting I with Cp*H in a colloidal dispersion of potassium metal in THF; a reaction which reportedly proceeds via the formation of a "Fe(dppe)" intermediate followed by oxidative addition of Cp*H. 14 
Solid state structures
The solid-state structures of 1Cl, 3Cl-5Cl, 1Br, 3Br-5Br, 2I-5I were determined by single-crystal X-ray diffraction studies and are illustrated in Fig. 2-4 , respectively, and key metrical data are presented in 
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and Ct-Fe-P bond angles of 118.97 (7) Although complexes 1H and 2H were synthesised previously their solid-state structures were not reported and hence the solid-state structures of 1H-5H were also determined by single-crystal X-ray diffraction studies and are illustrated in Fig. 6 with pertinent bond lengths compiled in 
Electrochemical investigations
Cyclic voltammetric studies were performed on 1Cl-5Cl, 1Br-5Br, 1I-5I and 1H-5H as THF solutions containing 0. (2) a Ct = centroid of the cyclopentadienyl ring; X = Cl, Br, I, acetonitrile N or H.
except 4H, see below) for the process designated OX and in all cases the potentials are quoted against an appropriate internal standard (see Table S1 †). For OX, analysis of the current response in a range of scan rates between 0.02 and 0.3 V s −1 suggest that this process is, in general, electrochemically reversible under these conditions, 4H being an notable exception. At slow scan rates (<0.1 V s −1 ), the cyclic voltammogram of 4H has no reduction wave associated with this oxidation suggesting that the electrogenerated cation is unstable. This was confirmed at faster scan rates (1 V s −1 ), corresponding to shorter timescales, when OX appeared as a redox couple. Data for [Fe(Cp*)(X)(dppe)] (X = Cl, Br, I, and H) have been reported previously wherein this process was assigned as a one electron oxidation to give the corresponding cationic species, [Fe(Cp*)(X)(dppe)]. 36 Our results are consistent with these, albeit with a small difference in reported potentials, therefore we assign OX for the series of compounds 1Cl-5Cl, 1Br-5Br, 1I-5I and 1H-5H as a one-electron oxidation of The trend in OX for each halide series appears to be inversely correlated with the electronegativity of the halide thus making the chlorides easiest to oxidise and indicating an increase in electron density on the iron centre relative to the corresponding bromides and iodides. This has been rationalised by the involvement of π-based orbitals in the bonding of the halide to the iron centre (see DFT calculations below) thus allowing donation of electron density from the halide to the metal centre. oxidise than compounds containing Cp′, Cp′ compounds are −0.01 V easier to oxidise than compounds containing Cp″, and Cp″ compounds are −0.02 V easier to oxidise than compounds containing Cp. Hence compounds containing Cp*, with five electron donating methyl groups are easiest to oxidise whilst compounds containing Cp are most difficult. The latter result is unexpected since TMS is electron withdrawing 37 relative to hydrogen (in Cp) and would be expected to reduce the electron density at iron, thus making oxidation more difficult (hence occurring at a higher potential). However, the difference in OX between [Fe(Cp′)(X)(dppe)] and [Fe(Cp″)(X)(dppe)] (X = Cl, Br and I) is only 0.01 V for the addition of a second TMS group therefore the inductive effect of these substitutents may not be
with ellipsoids set at 40% probability. All hydrogen atoms except those for the hydride atoms are omitted for clarity.
transferred effectively to the redox centre, which is reflected by only minor changes in the energies of the HOMO orbitals of the Cp′ and Cp″ derivatives of 1Cl, 1Br, and 1I. ) was studied by cyclic and square wave voltammetries and the results of these investigations are presented in Table 2 and Fig. S1 . † The separated ion pairs were generated in situ by dissolving the corres- 
Mössbauer studies
The Mössbauer parameters at 80 K for all of the compounds are collected in Table 3 . The isomer shift (I.S.) and quadruple splitting (Q.S.) values for all compounds are fully consistent with derivatives of iron(II)-cyclopentadienyl in a Table 2 Electrochemical and highest occupied molecular orbital energies for 1Cl-5Cl, 1Br-5Br, 1I-5I, 1H-5H and 1SIP-5SIP Fig. S2 † for 1Cl, as are designations of OX, OX', OX'' and RED for 1Cl-5Cl, 1Br-5Br, 1I-5I and 1H-5H used in Table S1 . † piano-stool geometry. 13, 14, 40 As expected the I.S. decreases and the Q.S. is invariant on raising the temperature from 80 to 298 K. 41, 42 On changing halide from chloride to bromide to iodide and on varying substituents on the cyclopentadienyl ligand there are only slight changes in I.S. and Q.S. When halide is replaced by acetonitrile to form a separated ion pair there is a slight decrease in I.S. but a much larger decrease is observed when halide is replaced by hydride; this can be attributed to the higher σ-donor ability of the hydride ligand increasing the relative electron density at the iron centre.
UV-Vis spectroscopic studies
The UV-vis spectra of all the complexes were recorded in THF solutions at two different concentrations (1.25 mM and 0.0125 mM) to enable observation of all the relevant transitions without interference from solvent overtones. Theoretical UV-vis spectra have also been plotted from time dependant DFT (TD-DFT) calculations. The representative experimental and calculated UV-vis spectra of 2Cl are illustrated in Fig. 8 . At dilute concentration an intense band is observed at 40 816 cm −1 (ε = 20 300 M −1 cm −1 ) in the UV region, and at higher concentrations relatively weak bands can be observed in the visible region at 16 502 (ε = 221 M −1 cm −1 ) and 18 587 cm
. By comparison of these experimental data with the combined total of the calculated data it can be seen that they are in good agreement, and that the calculations are a good approximation of the experimental spectra. With this in hand it is then possible to assign these absorptions from the calculated spectra, and calculations suggest that the band at 40 816 cm −1 , is a result of π-π* transitions in the aromatic carbon systems; and the bands in the visible region can be predominantly ascribed to metal-ligand charge transfer (MLCT) from the Fe 3d orbitals to the phenyl rings and the Cp* ligand. The UV-vis spectra for the bromide and iodide series of complexes present similar observations as found in the spectra of the chloride series where variation of the Cp ligands has an effect on the absorptions observed in the visible region (see ESI † for further spectra). However, there is no obvious trend in the electronic absorptions observed upon change in halide across the series, therefore we can conclude that the Fe to Cp MLCT bands are the dominant features in the visible region and the halide has very little effect on the absorptions, Table 4 . Although one notable feature is the value of the extinction coefficient for the π-π* transitions in the bromide complexes (1Br-5Br) are on average larger than their chloride and iodide counterparts. For example the π-π* transition in 4Br at 41 152 cm −1 has a molar absorptivity of 46 300 M −1 
IR spectroscopic studies
The IR spectra of all the complexes studied in this work were recorded as Nujol mulls. 
DFT calculations
We have undertaken DFT calculations for 1Cl-5Cl, 1Br-5Br, 1I-5I, 1SIP-5SIP and 1H-5H to provide a qualitative description of the structure and bonding within these complexes and to provide a framework to interpret the electrochemical properties of these compounds. The DFT calculations reproduce the magnitude of the crystallographically determined bond lengths and the interbond angles of these complexes to within ∼0.05 Å and ∼1.5°, respectively. We therefore conclude that the calculations afford reliable qualitative descriptions of the electronic manifolds of 1Cl-5Cl, 1Br-5Br, 1I-5I, 1SIP-5SIP and 1H-5H.
The frontier orbital manifolds of 1Cl-5Cl, 1Br-5Br and 1I-5I are similar with the HOMO, HOMO−1 and HOMO−2 orbitals in each compound possessing dominant Fe character derived from the 3d orbitals that form the t 2g set in O h symmetry (for representative frontier orbitals see Fig. 9 ). 44 These orbitals are non-bonding with respect to σ-interactions but can exhibit π-interactions with X = Cl, Br, I. Thus, in each 1Cl-5Cl, 1Br-5Br and 1I-5I the HOMO possess Fe and X character (61.9-74.0% and 10.7-24.9%, Table S3 †) and for a homogeneous series with a fixed cyclopentadienyl-derived ligand the contribution to the HOMO typically varies as I > Br > Cl as would be expected from the π-donor ability for each halogen donor. These calculations are in broad agreement with those accomplished previously for CpFe(dpe)X (dpe = 1,2-diphospinoethane; X = Cl, Br, I). 28 The energies of the HOMO orbital for a fixed Cp ligand and E1 2 for the oxidation process (see above) show clear trends as X is varied (Fig. 10) . Thus, the energy of the HOMO varies as Cl > Br > I with a reduction potential order of Cl < Br < I. Thus, for a fixed cyclopentadienyl-derived ligand complexes with X = Cl are more readily oxidised to their cationic counterparts and this observation is borne out by the relative energies of the HOMO orbitals in this series of compounds. The variation in energy of the HOMO with X-ligand appears counterintuitive given the percentage X-ligand character in the HOMO and the relative π-donor abilities of the halide donors. This inverse halide order has been noted previously, 39 and has been ascribed to the ionic nature of the Fe-X bond, in which the X-ligand may be viewed as acting as a point negative charge that destabilizes the t 2g set of orbitals which results in an inverse of the energy order expected from π-donor effects alone.
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Conclusions
To conclude, we have reported the synthesis of three iron(II) halide dppe complexes, and their utility in preparing a range of cyclopentadienyl derivatives. In all, we describe the synthesis of twenty five iron cyclopentadienyl dppe complexes as either halide (Cl, Br, I), separated ion pair, or hydride derivatives, thus providing a cohesive and reliable approach to the preparation of such molecules. This report has enabled a comprehensive structural and spectroscopic benchmarking study, providing a detailed understanding of the electronic structure of these compounds in one common framework. The Möss-bauer studies suggest that the bonding is these complexes is The models were orientated such that the Fe-X vector corresponded to the z-axis and, looking down the Fe-X vector, the left and right Fe-P bonds were aligned along the x and y axes, respectively.
predominantly ionic. Nevertheless, it is evident that the cyclopentadienyl and X-ligands modulate the electronic structure and redox properties of iron. Surprisingly, it is clear that although the cyclopentadienyl substituents do influence the redox properties of the iron centre, their influence is modest, and does not follow the trend that might be anticipated. In the pantheon of cyclopentadienyl ligands, taking C 5 H 5 as the reference point, the pentamethyl and di-tert-butyl variants are usually described as better donor and poorer acceptor ligands, whereas the silyl-substituted variants are often viewed as poorer donors and better acceptor ligands. This should result in pentamethyl and di-tert-butyl cyclopentadienyl ligands leading to more electron rich iron centres whereas the silylsubstituted variants should give more electron deficient iron centres. However, on the basis of the electrochemical data presented here although the alkyl-cyclopentadienyls do fit this trend, this view is clearly overly simplistic where the silyl-substituted variants are concerned since their behaviour more closely resembles that of C 5 H 5 . This observation helps to codify the unpredictability of cyclopentadienyl-substituent effects on the redox potentials of transition metal complexes for a widely employed ligand class. The identity of the X-ligand, however, has a substantial and direct effect on the redox properties of the iron centre, which reflects the potential π-donor capcacity of the halides and their direct negative point charge to iron; indeed for the halides there is an essentially linear electrochemical relationship on moving from Cl to Br to I and these studies support the notion of hydride as a strong donor ligand. The complexes reported in this study could find extensive utility in molecular wire and metal-metal bond chemistry, where control of redox properties is important; the data presented here provide a database that enables the selection of a particular iron complex with an appropriate reduction potential for a given application. We are currently investigating the utility of the iron-hydride complexes presented here for the synthesis of uranium-iron bonds by alkane or amine elimination routes.
Experimental
General experimental details
All manipulations were carried out using standard Schlenk techniques or an MBraun UniLab glovebox, under an atmosphere of dry nitrogen. THF, toluene, hexane and diethyl ether were dried by passage through activated alumina towers and degassed before use and then were stored over potassium mirrors (except THF which was stored over activated 4 Å molecular sieves 2 ) in a 1 : 1 molar ratio at −78°C with stirring, the resultant mixture was allowed to warm to room temperature slowly over 18 hours. The mixture was filtered and the solids washed with toluene (2 × 5 ml), the volatiles were removed in vacuo and the resulting solids were recrystallized from the minimum amount of toluene with storage at −30°C, with the exception of 1Cl which is best recrystallized from a DCM/hexane layer (1 : 3 ratio) with storage at −30°C. The black crystals were isolated by filtration, washed with hexanes (2 × 1-2 mL) and dried in vacuo.
1Cl: I (2.63 g, 5.0 mmol) and LiCp (0.36 g, 5.0 mmol), yield: 1.75 g, 66%. Anal. calc'd for C 31 
5Cl 
General preparative method for 1SIP-5SIP
To a solution of 1Cl-5Cl in MeCN (10 ml), TMSI (1 : 1 molar ratio) was added dropwise at −30°C with stirring, the mixture was allowed to warm to room temperature slowly over 18 hours. Volatiles were removed in vacuo to yield red solids which were recrystallized from the minimum amount of MeCN with storage at −30°C to afford red crystals. The crystals were isolated by filtration and dried in vacuo. 
General preparative method for 1H-5H
THF (10 ml) was added dropwise to a mixture of 1Cl-2Cl and LiAlH 4 (1 : 5 molar ratio) at −78°C with stirring, the suspension was allowed to warm to 0°C and stirred for a further 3 hours. At 0°C degassed deionised water was added dropwise until the evolution of gas ceased and the volatiles were removed in vacuo to yield orange solids which were extracted and recrystallized from hexanes to afford orange crystals. The crystals were collected by filtration and dried in vacuo. 
X-ray crystallographic details
Crystallographic data can be found in the ESI in cif format. † Crystals were examined variously on: (a) a Bruker AXS CCD area detector diffractometer operating at 90 K/150 K using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å), with intensities integrated from a sphere of data recorded on 0.3°frames by rotation of ω, or (b) an Oxford Diffraction CCD area detector diffractometer operating at 90 K using mirrormonochromated Cu Kα radiation (λ = 1.5418 Å) with intensities integrated from a sphere of data recorded on 1°frames by rotation of ώ. Cell parameters were refined from the observed positions of all strong reflections in the data set. The structures were solved by either direct methods or heavy atom method and refined by least-squares methods on all unique F 2 values, with all non-H non solvent atoms being anisotropic. The largest residual electron densities in final difference syntheses were close to heavy atoms unless stated otherwise. Absorption correction was performed by multi-scan methods. Criterion for observed reflections is I > 2σ(I) and weighting scheme used is W = 1/[σ 2 (F o 2 ) + (xP) 2 + yP] where P = (F o 2 + 2F c 2 )/3. Programs used for Bruker AXS were SMART (control), SAINT (integration) and SHELXTL for structure solution and refinement. Programs used for Oxford diffraction were CrysalisPro CCD (control), CrysalisPro RED (integration), SHELXTL for structure solution and refinement. 56 Cyclic voltammetry experimental details and ESI † Electrochemical measurements were performed using an Autolab PGSTAT20 potentiostat with a three-electrode configuration consisting of a saturated calomel electrode (SCE) reference electrode, Pt wire secondary electrode and a glassy carbon working electrode. All voltammograms were recorded at ambient temperatures for solutions of the sample at ca. 4 ], respectively, as the supporting electrolyte. Samples were prepared in a glove box and maintained under an argon atmosphere using Schlenk line techniques during the experiment. All electrochemical potentials were measured relative to SCE and were corrected for liquidjunction potentials via the use of the [(η 5 
